Genetic variability in grapevine cultivars may influence their strategy to cope with drought through stomatal regulation of transpiration rate. The aim of the present study was to evaluate the stomatal sensitivity of five cultivars (Ekigaïna, Grenache, Marselan, Mourvèdre, and Syrah) to soil water status and air water vapor pressure deficit (VPD).
INTRODUCTION
Water is one of the most limiting factors for viticulture in Mediterranean regions (Cifre et al., 2005) where the evaporative demand is elevated during summer and rainfall is scarce (Koundouras et al., 1999) . In these regions where drought is frequent during the vegetative cycle, water stress is an important factor that influences vine vigor (Gomez del Campo et al., 2002; Lebon et al., 2006) , berry growth (McCarthy 1997 and Ojeda et al., 2001 ) and berry composition (Koundouras et al., 1999; Ojeda et al., 2002; Van Leeuwen et al., 2003) . This specificity makes the Mediterranean viticulture extremely vulnerable to climate change. The growers are therefore forced to improve plant water use efficiency in anticipation of the effects and especially the consequences of increasing periods of intense drought (Hamdy et al., 2003; Condon et al., 2004; Parry et al., 2005) . New strategies for irrigation management have recently been developed to enhance water use efficiency and quality. Partial root drying (PRD) and regulated deficit irrigation (RDI) programs have been proposed as being the most promising tools (Cifre et al., 2005; Chaves et al., 2007) . However, as the need for water supply to support non-agricultural activities is expected to increase, the need for water-efficient grapevine varieties becomes increasingly urgent. In this sense, more knowledge on the mechanisms involved in grapevine tolerance to water stress and a better understanding of their genetic variability will be relevant to future breeding programs (Parry et al., 2005) .
To counter the effect of soil water deficit and VPD, plants control their transpiration rate by regulating stomatal aperture, which reduces fluctuations in the water status of tissues and maintains xylem integrity (Jones, 1998) . Many studies on diurnal and seasonal monitoring of plant water potential have indicated a substantial range in the capacity of plants to maintain the water status of tissues (Franks et al., 2007) . Based on their stomatal control behavior under fluctuating environmental conditions, plants have been classified in two categories: isohydric and anisohydric. Isohydric plants maintain a tight stomatal regulation of transpiration rate which results in the maintenance of a nearly constant leaf water potential in drought-exposed and well-irrigated plants (Tardieu and Simonneau, 1998) . In contrast, anisohydric plants display a lower stomatal control of transpiration rate which results in large fluctuations in leaf water potential under soil water deficit and evaporative demand. Two components have been shown to be involved in the stomatal control of transpiration rate: a sensitivity to transpiration rate itself in response to short-term variations in leaf water balance (Mott and Parkhurst, 1991; Mott and Franks, 2001; Buckley, 2005) and a sensitivity to decreasing soil water potential induced by root signals (Davies and Zhang, 1991; Tardieu and Davies, 1992; Davies et al., 2002) . The way these two components are integrated seems to differ between isohydric and anisohydric plants. It has been suggested that stomatal control in isohydric species is linked to an interaction between hydraulic and rootmediated hormonal information, while stomatal closure in anisohydric species responds preferentially to root signals (Tardieu and Simonneau, 1998) .
The ecological advantages of isohydry, which is prevalent in tree species growing in environments with highly fluctuating evaporative demand and soil water status, are readily apparent as xylem integrity is preserved. On the other hand, the advantages of anisohydry, mostly prevalent in herbaceous species, are less apparent because of the higher likelihood of xylem embolisms (Franks et al., 2007) . However this mode of operation seems more favorable to high gas exchange and assimilation rates.
Although considered drought-resistant, variation in drought tolerance exists among Vitis sp. (Carbonneau, 1980) and within Vitis vinifera cultivars (Chaves et al., 1987; Bota et al., 2001 ). This variability is mainly explained at the leaf scale by differences in stomatal behavior (Carbonneau, 1980; Winkel and Rambal, 1990; Albuquerque Regina, 1993 , Schultz, 1996 Medrano et al., 2003) .
The intraspecific variability of stomatal behavior was first demonstrated by Schultz (1996 and 2003) within two grape cultivars (Grenache and Syrah) of Vitis vinifera. Grenache, of Mediterranean origin and reputed to be very resistant to drought, displayed isohydric behavior and was classified as drought-avoiding. Meanwhile, Syrah, of mesoic origin from North Rhone Valley, displayed anisohydric behavior and was classified as droughttolerant. Under high evaporative demand and soil water deficit, Syrah which did not control water status achieved crop maturation whereas Grenache which strongly regulated it failed to mature crop. These results were surprising as they contrast with the respective growth habits of these varieties. Until now, there was no clear picture of the relationship between drought tolerance and stomatal behavior in grapevine cultivars.
In this report we have studied the stomatal behavior of five grape cultivars with contrasting drought tolerance: Ekigaïna, Grenache, Marselan, Mourvèdre, and Syrah. The objectives of this study were (i) to characterise the dynamic responses of leaf water potential and leaf gas exchange under increasing drought in field conditions and (ii) to analyse specifically the stomatal response to VPD under controlled environments (greenhouse experiments). From an agronomical point of view, the hypothesis is that drought adaptation results from the ability of the grapevine cultivar to reduce gas exchange gradually in response to increasing drought, thus maintaining a significant assimilation rate under high soil water deficit and high evaporative demand (i.e. anisohydric behavior). (FAO-UNESCO, 1981) . Five grapevine cultivars were studied: three traditional varieties of the region (Syrah, Grenache and Mourvèdre) and two varieties from INRA's breeding programs [Ekigaïna (Tannat x Cabernet Sauvignon) and Marselan (Cabernet Sauvignon x Grenache)]. The study was conducted in two vineyards which are 400 m away from each other. In the first vineyard, Marselan, Ekigaïna, Syrah and Grenache grafted on 140Ru rootstock were planted in SE-NW rows in 1993. The vine spacing was 2.50 x 1 m and vines were bilateral spur pruned and trained to a VSP system. In the second vineyard, Mourvèdre (synonym of Monastrell) grafted on 140Ru was planted in 1990 and cultivated following the same practises expected for SW-NE row orientation.
MATERIALS AND METHODS

b) Soil water availability
For each cultivar, three homogeneous plots of 30 vines distributed in five rows and with contrasting soil water availability were identified. Plots were annotated hereafter as WS1, WS2, and WS3 for high, moderate, and low soil water availability, respectively. These differences in soil water availability were caused by differences in soil depth as a consequence of the vineyard slope. The plots location was based on previous estimations of spatial distribution of soil water availability determined by predawn leaf water potential measurements during the 2004 growing season and the individual vine vigor measured by trunk circumference.
During the 2005 growing season, the WS2 and WS3 plots were only rainfed. By contrast, additional irrigation was applied five times (5 x 15 mm) to WS1 to maintain water deficit differences between plots. c) Leaf water potential measurements Predawn leaf water potential (ψ PD ) was measured between 0400 and 0500 (GMT, Greenwich Mean Time) with a pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, USA). Measurements were performed on 10 leaves in each subfield at 5 time points during the growing season. Midday leaf water potential (ψl) was measured at 1300 (GMT) on the same day and on the same plants as for ψ PD . d) Leaf gas exchange measurements Leaf gas exchange was measured under saturating sunlight (PPFD>800 µmol m -2 s -1 ) with a portable gas exchange equipment (ADC Lcpro, BioScientific Ltd, Hoddesdon, Herts, UK) equipped with a Parkinson leaf chamber. Measurements were performed during sunny days on the same vines as for ψ PD and ψ l measurements. To evaluate the daily maximal photosynthesis (Pn max ) and maximal stomatal conductance (gs max ), measurements were taken twice a day, between 1000 and 1130 (GMT) and between 1300 and 1430 (GMT), and on five leaves in each subfield (corresponding to 15 leaves per cultivar). As five cultivars were analysed, the time between the first and the last leaf measurement was approximately 1 hour. This sampling method was chosen to avoid varying environmental conditions during measurements. As ψ PD and ψ l were performed on the same vine, only 15 leaves per cultivar were used at each sampling date to avoid vines defoliation.
Cultivar-specific stomatal sensitivity was analysed using the Ball, Woodrow and Berry (BWB) model which allows the evaluation of gs response to the combined effects of climate variables through the stomatal sensitivity factor (k) (Ball et al., 1987) . This factor is calculated as the slope of the linear relationship between gs and the composite factor Pn * [HR/Ca] where HR is relative humidity and Ca is the CO 2 concentration at the leaf surface. As this factor varies during the season and with water status, k was calculated separately for each day of measurement and was plotted against predawn leaf water potential (Schultz et al., 1999) .
d) Canopy light interception efficiency (ε i )
Canopy light interception efficiency (εi) was calculated as the fraction of the incoming global solar radiation intercepted by a plant canopy over a defined period of time. In 2005, this coefficient was estimated four times for each cultivar and subfield, and the measurements were carried out during the growing season between full bloom and harvest (stages 23, 31, 35, and 38 of the modified E-L scale; Coombe 1995) using an hemispherical photography method (Louarn et al., 2005) . For each plot, 36 hemispherical photographs distributed in two positions (row, mid-interrow) x 18 repeated transects were taken (Nikon coolpix 950 digital camera equipped with FC-E8 Nikon Fisheye converter). Pictures were taken just before sunrise with no direct incoming light illuminating the canopy or during cloudy days. Image analysis was performed using GLA software (Gap Light Analyzer version 2.0, SFU, Burnaby, British Columbia, Canada).
The cumulative radiation intercepted by the canopy and the average εi over the period between full bloom and harvest (stages 23-38) for each subfield were estimated by interpolating εi measured between each date.
d) Meteorological data and climate indexes
Standard meteorological data were obtained from a weather station (Agroclim, INRA network) located at the Experimental Unit at approximately 600 m from the experiment site. Standard climatic indexes for grapevine (heliothermal, dryness and cool night indexes) were calculated according to Tonietto and Carbonneau (2004) .
Greenhouse experiments a) Experimental design and plant material
To characterise the gs response to changes in VPD, an experiment was carried out in a greenhouse during the spring of 2005 at the Campus SupAgro -INRA, Montpellier, France (43°38' N, 3°53' E). One-year-old cuttings from Ekigaïna, Mourvèdre, Syrah, and Marselan were rooted and grown in 3.8 L pots filled with a soil mixture composed of 17 % clay, 36 % loam, and 47 % sand. Plants were irrigated in the morning with a Hoagland N/5 nutritive solution approximately deux hours before the beginning of the measurements. For each cultivar, eight homogeneous plants were selected according to leaf area development. b) Leaf gas exchange measurements Gas exchange measurements were done with the same portable equipment as previously described for field experiments. Stomatal conductance response curves to VPD were done by gradually reducing humidity to a preselected set of VPD levels (1,87 kPa; 2,27 kPa; 2,67 kPa and 3,07 kPa). At each step of the response curve, VPD was stabilised for 20 minutes to allow stomatal conductance adaptation to the new environmental conditions. Air temperature, photosynthetic photon flux density (PPFD) and CO 2 concentration were automatically controlled at 25 °C, 1500 µmol m -2 s -1 , and 360 ppm, respectively. The plants were maintained at saturating light conditions (>1200 µmol m -2 s -1 ) during measurement to avoid differences in illumination between the leaf being measured and the rest of the plant. Response curves were replicated on eight plants per cultivar.
c) Statistical analysis
The STATGRAPHICS Plus v.4 software (StatPoint Inc., Northern Virginia, USA) was used to compare differences between the means by Duncan's test. Nonlinear adjustments were fitted following an exponential function with two and three parameters estimated by TableCurve 2D v.2.03 (Jandel Scientific, San Rafael, USA). All cultivars were forced to the same fitting to compare genotype responses. As the fitting was the same for all cultivars, the statistical analysis allowed the comparison of the parameters of the whole response curve. Differences in adjustments between data sets were tested by comparing ∑Ssi (sum of the residual sums of squares for individual fits to each data set) with SSc (residual sum of squares for the common fit to the whole data set) using the statistic which follows Fisher's law with (n-1)k and (Ndata-k) freedom degrees. Ndata is the total number of measured points, n is the number of individual regressions and k is the number of parameters fitted in each regression.
RESULTS
Field experiments a) Climate
During 2004, rainfalls were mostly distributed at the beginning of spring and at the end of summer, with a cumulative rainfall during the growing season around 411mm (Figure 1 ). During the 2005 season, the water deficit was higher (the cumulative rainfall was about 387 mm) mainly because of the scarcity of precipitations during spring and a major part of summer. Cumulative potential evapotranspiration was around 900 mm and mean summer temperature was about 25 °C for both years. According to the multicriterion climatic classification (Tonietto and Carbonneau, 2004) , both years were classified as moderately dry with a temperate/warm climate and a night cold index around 15.7 °C.
b) Seasonal patterns of soil water deficit
The evolution of predawn leaf water potential (ψ PD ) for both seasons reflects the specific climatic conditions of each year (Figure 2 Cultivars differed in the relationship between midday (ψ l ) and predawn leaf water potential ψ PD (Figure 3) . Ekigaïna did not show any decrease of ψ l as ψ PD reached -0.4 MPa, whereas Syrah showed decreased ψ l values in parallel to decreased ψ PD . Marselan behaved similarly to Syrah while Grenache and Mourvèdre showed intermediate behavior although closer to Ekigaïna.
c) Gas exchange
To evaluate genotypic sensitivity to soil water deficit, stomatal closure and photosynthetic responses were compared using ψ PD as an environmental variable (Figure 4 ). Both physiological parameters decreased as the soil water deficit intensified. Stomatal responses to ψ PD were adjusted following a two-parameter exponential function while photosynthesis fittings were improved when adjusted to a three-parameter exponential function. For stomatal conductance (Figure 4a-e Intrinsic water use efficiency (WUE i , Pn/gs) initially increased until ψ PD reached approximately -0.6 MPa and then decreased as water stress increased (Figure 4k-o) . WUE i response to ψ PD was adjusted following a polynomial function. Parameters were not significantly different among cultivars except for Ekigaïna, which displayed a stronger reduction of WUE i below a predawn leaf water potential of -0.6 MPa (Table 1, P≤0.05). Figure 5 shows the relationship between the stomatal sensitivity factor (k) and ψ PD in Syrah and Ekigaïna, a comparison of two extreme cases. Statistical analyses of this factor (Table 1, P≤0.10) permitted us to separate cultivars in two groups: anisohydric behavior (Syrah and Marselan) and a near isohydric behavior (Ekigaïna, Mourvèdre and Grenache).
d) Canopy light interception efficiency
Light interception efficiency (εi) during the growing season was monitored in 2005 in each subfield. Results showed no differences in maximal capacity of the various cultivars to intercept radiation (Table 2 ). All cultivars in every water deficit levels (all subfields) reached maximal εi at veraison. At this stage, εi in WS3 was already lower than in WS1 for all cultivars except Marselan. At the end of the season, the severe water deficit observed in the WS3 subfield induced a higher reduction of εi, statistically higher than in moderate (WS2) or low water deficit (WS1) subfields. This reduction in WS3 was maximal for Mourvèdre (29%) and Ekigaïna (21%) and minimal for Marselan. On a seasonal basis, the intercepted global radiation estimation for each cultivar suggested that Mourvèdre was less efficient than the other cultivars especially in situation of water deficit (Table 2) . By contrast, the capacity of Marselan to intercept radiation was maintained in situation of severe water deficit. The other cultivars displayed intermediate behaviors. The decreasing of εi at the end of the cycle in Mourvèdre and Ekigaïna was mainly explained by leaf area reduction as the result of early primary leaf abscission.
Greenhouse experiments
As VPD increased, relative stomatal conductance (g s / g smax ) displayed a two-stage response (Figure 6 ). The g s /g smax first remained steady until VPD reached a threshold value of approximately 1.5 kPa then it decreased linearly. A quantification of the variability in stomatal response to VPD was based on comparisons of both the VPD threshold value and the slope of the decreasing portion of the response. Statistical analysis showed that the VPD threshold value was significantly lower (P<0.001) for Marselan (1.36 kPa) than for the other cultivars (1.76, 1.91 and 1.90 kPa for Syrah, Mourvèdre, and Ekigaïna, respectively). Furthermore, the absolute value of the slope, which reflected the apparent sensibility of the stomata to the surrounding air water deficit, was significantly higher (P<0.001) for Ekigaïna (0.39) than for the other cultivars (0.28, 0.25, and 0.22 for Syrah, Marselan and Mourvèdre, respectively).
DISCUSSION
The dynamic response of leaf water potential and gas exchange parameters to progressive soil drought was studied under field conditions in five grapevine cultivars with contrasting drought tolerance. Three of them are traditionally planted in the French Mediterranean vineyards (Syrah, Grenache and Mourvèdre), whereas the two others have recently been obtained from breeding programs (Marselan, Ekigaïna). From viticultural practices, Mourvèdre has traditionally been identified as putative drought-sensitive, Grenache was generally considered as drought-tolerant, and Syrah as an intermediate tolerant cultivar. The drought tolerance of the Marselan and Ekigaïna cultivars was at this point unknown. Nonetheless, previous field observations indicated a high susceptibility of Ekigaïna to leaf abscission in response to water stress. Overall, these characteristics suggest substantial variability among the cultivars in regulating water status, stomatal conductance, and assimilation under soil water deficit and VPD. 
Genetic variability of isohydry results from variation in apparent stomatal sensitivity to soil water deficit
Across the five cultivars studied, a continuum between isohydric (Ekigaïna) and anisohydric (Syrah) behavior has been clearly identified (see Figure 3) . The stomatal behavior observed in Syrah and Grenache was consistent with previous report (Schultz, 1996 (Schultz, , 2003 Soar et al., 2006) . Our results showed that this gradient in isohydry is directly linked to variations in the degree of sensitivity of stomatal aperture in response to soil water deficit (see Figure 4) . This difference in stomatal behavior was overall confirmed by the stomatal sensitivity factor k from the BWB model, which takes into account the combined effects of climatic parameters and water stress on stomatal conductance (Ball et al., 1987) . It is interesting to note that putative drought-sensitive cultivars (Mourvèdre and Ekigaïna) corresponded to the isohydric group as well as the putative drought-tolerant Grenache even if the latter was less extreme. By contrast, Syrah and Marselan could be classified as anisohydrics.
A common stomatal sensitivity to soil water deficit and VPD?
It is interesting to note that, for a given cultivar, a similar stomatal behavior was found in response to soil water stress and air water VPD, as previously suggested for several woody or herbaceous species (Franks et al., 2007) and grapevines (Schultz, 1996; Soar et al., 2006) . In our study, Ekigaïna showed the strongest stomatal regulation in response to either decreasing ψ PD levels or to increasing ambient VPD (see Figure 6 ). It must be pointed out that the VPD effects evaluated in this study were related to rapid changes, and thus results correspond to short-term responses with no long-term adaptation. However, previous results suggest that responses to rapid changes of VPD follow a similar pattern as long-terms responses to seasonal VPD evolution (Franks et al., 2007) .
Although a relationship was found between responses to ψ PD and VPD for a given cultivar, it remains unclear whether the mechanisms acting in response to soil water deficit and to VPD are the same. Tardieu and Davies (1992) proposed the ABA xylem sap as an integrator of edaphic and climatic effects on the stomata. VPD may alter the transport rate of root-sourced ABA to the guard cells (Bunce, 1996; Tardieu and Simonneau, 1998) or enhance stomatal sensitivity to the ABA signal (Tardieu and Davies, 1992) .
Consequences on assimilation and transpiration efficiency
Progressive water stress leads to stomatal closure, simultaneously reducing transpiration and photosynthesis. For all cultivars studied, the reduction of Pn max in response to increasing soil water deficit occurs later than in gs max , according to the literature (Cifre et al., 2005; Chaves et al., 2003) . On average, for all cultivars, when ψ PD decreased from -0.2 MPa to -0.4 MPa, reductions in Pn max and gs max were approximately 17% and 40%, respectively, which led to an increase in WUE i until ψ PD reached approximately -0.6 MPa (see Figure 4) . Afterward, a decrease of WUE i was observed for all varieties, suggesting that the development of mesophyll limitations inhibits assimilation, exceeding the impact of further reduction in stomatal conductance to water vapor. Isohydric cultivars are expected to present a higher WUE than anisohydric cultivars under water deficit conditions (Schultz, 1996) . However, the results reported here did not show significant differences between cultivars, except for Ekigaïna which presented a higher initial increase in WUE i up to -0.5 MPa of ψ PD . Thereafter (from -0.6 MPa), Ekigaïna showed a steeper reduction in WUE i . It is interesting to note that severe water stress occasioned a reduction in WUE i in all cultivars, which shows the importance of avoiding extreme drought periods through crop and soil management (Parry et al., 2005) . 
Implications of diversity in water use strategies in grapevine cultivars on agronomic issues
Even if isohydric behavior could be considered in a first approach as an efficient ecological adaptation to drought by limiting water loss, the ability of this category of cultivars to achieve complete maturity for commercial purposes is known to be impaired in situations of severe soil water deficit (Schultz, 1996; . Moreover, both stomatal closure and early leaf senescence to prevent desiccation (as observed in Ekigaïna, Mourvèdre, and, to a lesser extent in Grenache) cause photosynthesis carbon uptake to decrease to near zero during a significant part of the vegetative cycle and may lead to a status of « carbon starvation ». This hypothesis is supported by several field observations under situations of severe soil water deficit, which revealed an incomplete maturation in Grenache and a strong reduction of fertility in Mourvèdre and Ekigaïna (author's personal observations).
In contrast, anisohydric cultivars, which maintained gas exchange at a lower soil water status, generally achieved complete maturation in situations of severe water restriction (Syrah, Marselan). However, the closer the anisohydric cultivar is to its cavitation threshold increases the risk of hydraulic failure if drought intensity continues.
Plant mortality has occasionally been observed in Syrah plantations, which are prone to severe drought in the Southern France, but the causal connection with hydraulic failure has not yet been established. Nevertheless, the progressive increase in dryness during the last few years puts the sustainability of these vineyards at risk.
CONCLUSION
This paper provides new information about physiological responses to water stress in some genotypes never studied before. The leaf gas exchange patterns observed here indicate large variations in adaptation to drought among grapevine cultivars. Genotypic variability in response to soil water deficit and VPD was directly linked to variations in the degree of sensitivity of stomatal aperture. A relation between stomatal responses to soil and air water deficit was found in each cultivar. A gradient from the most sensitive to the least sensitive variety has been observed. The most sensitive variety was Ekigaïna, characterised by a nearly constant midday leaf water potential, higher stomatal sensitivity (measured through gs and k factor), and early leaf abscission (reduction of εi). In contrast, the least sensitive variety was Syrah which was characterised by a lower stomatal sensitivity consequently allowing midday leaf water potential to decline with drought. Mourvèdre and Grenache were closer to Ekigaïna while Marselan behaved similarly to Syrah.
Isohydric vs anisohydric regulation of water status is a critical factor in grapevine adaptation to drought. In dry and hot environments, extreme isohydric behavior, as observed for the first time in our study, dramatically reduces the capacities of carbon acquisition both at the leaf and whole-plant scales, affecting grape composition and production yield as often observed. On the other hand, anisohydric behavior as noted in Syrah allows the grape to reach maturity during drought, although it increases the likelihood of mortality via hydraulic failure. However, such hydraulic accident seems very uncommon. The influence of specific-cultivar response to water deficit on production yield and berry characteristics will be analysed in another paper for the same genotypes.
Overall, these results suggest that isohydry is not the only drought adaptation strategy for grapevines and that the success of viticulture under dry and hot conditions will depend on the identification and breeding of cultivars with drought tolerance traits.
